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The collective magnetic excitations in the spin-orbit Mott insulator (Sr1−xLax)2IrO4 (x =
0, 0.01, 0.04, 0.1) were investigated by means of resonant inelastic x-ray scattering. We report
significant magnon energy gaps at both the crystallographic and antiferromagnetic zone centers
at all doping levels, along with a remarkably pronounced momentum-dependent lifetime broaden-
ing. The spin-wave gap is accounted for by a significant anisotropy in the interactions between
Jeff = 1/2 isospins, thus marking the departure of Sr2IrO4 from the essentially isotropic Heisenberg
model appropriate for the superconducting cuprates.
I. INTRODUCTION
The combination of strong spin-orbit coupling in the
presence of significant electron correlations leads to rad-
ically new electronic and magnetic phases, the eluci-
dation of which is the subject of intense experimental
and theoretical efforts1. In their landmark paper, Jack-
eli and Khaliullin 2 established how for the case of a
Jeff = 1/2 ground state, relevant for octahedrally co-
ordinated Ir4+-based transition-metal oxides (TMOs), a
unique balance arises between anisotropic and isotropic
exchanges, enshrined in the Kitaev-Heisenberg model,
which depends exquisitely on lattice topology. Therefore
determining the nature of anisotropic interactions is cen-
tral to the program of understanding the novel physics
displayed by 5d (and, indeed, 4d) TMOs.
Sr2IrO4 is of particular significance as the first spin-
orbit Mott insulator to be identified3 and because of its
electronic and structural similarities3–7 to the cuprate su-
perconductor parent compound La2CuO4. This has led
to the prediction of a superconducting state in doped
Sr2IrO4
8,9. Analogous to the Cu2+ (S = 1/2) mag-
netic moments in La2CuO4, the spin-orbit entangled
Jeff = 1/2
10,11 isospins of the Ir4+ ions in Sr2IrO4 order
at low temperature in a two-dimensional (2D) square lat-
tice of antiferromagnetically coupled moments confined
in the IrO2 planes of the tetragonal crystal structure
10,12.
Upon doping Sr2IrO4 with electrons, the long-range or-
der is suppressed, while short-range magnetic correla-
tions have been shown to persist up to about 6% La
substitution13–15. A similar behavior is also encoun-
tered in the hole-doped cuprates16, as expected given
the opposite sign of the next-nearest-neighbor hopping
amplitude8. Collective magnetic excitations with vanish-
ing energy gap and a qualitatively similar energy disper-
sion have been reported to date in the parent and doped
compounds of both La2CuO4
16,17 and Sr2IrO4
13,14,18,
which were interpreted in both cases in terms of a stan-
dard isotropic Heisenberg Hamiltonian extended to in-
clude next-nearest-neighbor interactions.
The experimental reports of a purely isotropic ex-
change model for Sr2IrO4 are, in fact, at variance with
the detailed predictions of Jackeli and Khaliullin 2 , who
argued that there should be significant departures from
the rotationally invariant Heisenberg model when Hund’s
coupling (JH = 0.45 eV in the case of Ir
4+19,20) and the
deviation from cubic symmetry are incorporated. In this
scenario, collective magnetic excitations will acquire a
finite energy gap at both the crystallographic and an-
tiferromagnetic (AF) zone centers. Evidence support-
ing the presence of anisotropic magnetic interactions in
Sr2IrO4 has come from a number of sources, including a
detailed study of the magnetic critical scattering21 and
the observation of a small, zero-wave-vector magnon en-
ergy gap in electron spin resonance (0.83 meV)22 and Ra-
man spectroscopy (1.38 meV)23. Nonetheless, all previ-
ous resonant inelastic x-ray scattering (RIXS) investiga-
tions on the magnetic excitation spectrum of the parent18
and electron-doped compounds13,14 have not explicitly
reported the presence of a gap, nor have they discussed
the role of the anisotropic terms in the interaction Hamil-
tonian.
In this paper we report on a comprehensive RIXS study
of the collective magnetic excitations in both parent
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FIG. 1. (Color online) RIXS spectra along high-symmetry directions of the (0, 0, 33) first BZ [see inset in (a)] for (a) x = 0, (b)
x = 0.01, (c) x = 0.04 and (d) x = 0.1. The solid lines represent the fit to the 2DAH model discussed in the text (see Fig. 4).
The spectra marked by the vertical dashed lines are plotted in Fig. 2. The data from different samples were normalized to the
spectral weight around Eloss = 1 eV of the (0, 0) spectrum.
Sr2IrO4 and its electron-doped version (Sr1−xLax)2IrO4.
In contrast to earlier studies, we perform a full line-
shape analysis of the RIXS spectra, including, most im-
portantly, the effect of the finite momentum Q and en-
ergy resolution. The excitation spectrum is shown to
be fully gapped at all wave vectors in the Brillouin
zone (BZ) up to x = 0.1, indicating the existence of
anisotropic exchange interactions, and a previously unre-
ported anisotropic damping away from the zone centers
is revealed.
II. SAMPLES AND EXPERIMENTAL SETUP
Single crystals of (Sr1−xLax)2IrO4 with varying La
concentration [x = 0, 0.01(1), 0.04(1), 0.10(1)] were flux
grown using standard methods and characterized by re-
sistivity and susceptibility measurements as described
in Ref. 6 for samples of the same batch. The dop-
ing level of each of the crystals was checked by means
of energy-dispersive x-ray spectroscopy (EDX). Substi-
tution of trivalent La for divalent Sr dopes the system
with electrons (2x e−/Ir atom) and suppresses the long-
range magnetic order for x > xc = 0.02(1)
15, while
short-range correlations persist in the basal plane of the
crystal6,14,15,24.
The RIXS measurements were performed at the ID20
beamline of the European Synchrotron Radiation Fa-
cility (Grenoble, France). The experiment was carried
out in horizontal scattering geometry using a spherical
(R = 2 m) Si(844) diced analyzer with a 60 mm mask and
a Si(844) secondary monochromator. This resulted in an
overall energy resolution of FWHM = 23.4 (28.0) meV
for the x = 0, 0.01, 0.04 (0.1) measurements and an in-
plane momentum resolution of ∆Q⊥ ≈ 0.18 A˚−124. The
samples were cooled down to T = 20 K (below the Ne´el
transition at TN ≈ 230 K found in undoped Sr2IrO421)
by means of a He-flow cryostat. The in-plane momentum
transfer valuesQ⊥ = (Qx , Qy) reported in this paper are
quoted in units of 1/a, where a = 3.89 A˚ is the in-plane
lattice constant of the undistorted I4/mmm unit cell.
The out-of-plane component was kept fixed to L = 33
for all the spectra (L is the out-of-plane Miller index).
The only exception is represented by the (0, 0) spectrum
in the x = 0 sample: this was measured for L = 32.85
to minimize the strong elastic signal arising from the or-
dered magnetic structure.
III. RESULTS
A. Spin-wave excitation spectrum
RIXS spectra were collected keeping the incident en-
ergy fixed to the Ir L3 absorption edge and measuring the
energy of the scattered photons in the energy loss range
Eloss = −0.2 − 0.6 eV. For each value x of La content,
several spectra were collected for different values of Q⊥
along high-symmetry directions of the (0, 0, 33) first BZ
(2θ ≈ 90◦). These are plotted in the intensity maps of
Figs. 1(a)-1(d). As first reported by Kim et al. 18 , the
parent compound data show a collective magnetic ex-
citation dispersing from the AF zone center (pi, pi) and
extending up to about 0.2 eV. In agreement with earlier
studies13,14, damped magnetic excitations with a similar
in-plane dispersion survive in the doped compounds deep
into the metallic phase, where the long-range magnetic
order is suppressed24. In particular, the magnons in our
heavily doped (x = 0.1) Sr2IrO4 sample still reflect the
persistence of commensurate short-range order, in con-
trast to hole-doped La2CuO4
24–27.
A quantitative analysis of the spin-wave spectrum was
achieved by fitting the RIXS data by a sum of an elas-
tic line and the following inelastic features (Fig. 2): (A)
single-magnon excitation, (B) a multimagnon continuum
and (C) and (D) intra-t2g excitations
18,28. Each feature
was modeled by a Voigt profile, with the width of the
Gaussian component constrained to the experimental en-
ergy resolution: this allows the extraction of both the
energy and the intrinsic Lorentzian lifetime broadening
of the excitations24.
One of the main features emerging from our data is
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FIG. 2. (Color online) Fit detail of representative RIXS spectra for samples with different La contents. Open symbols and solid
lines represent the measured intensity and the fit of the spectra, respectively. The Voigt functions used to fit the elastic line
and the various inelastic contributions (discussed in the text) are displayed through the shaded regions. The horizontal lines
in the x = 0 (same as x = 0.01, 0.04) and x = 0.1 panels represent the Gaussian width of the resolution function (fixed during
the fit). The spectra from different samples were normalized to the spectral weight around Eloss = 1 eV of the (0, 0) spectrum.
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FIG. 3. (Color online) Doping level dependence of the low-
energy region of the RIXS spectra at (a) (0, 0) and (b) (pi, pi).
The shaded regions show the fitted single-magnon peak, high-
lighting the presence of a finite spin-wave gap. The vertical
dashed lines mark the value of the magnon energy in the par-
ent compound (x = 0). The fitted magnon energies (and the
corresponding Q-resolution-corrected values24) are reported
in Table I.
the presence of a finite energy gap, which appears rela-
tively robust with La doping. This is evident from the
low-energy detail of the spectra collected at the crys-
tallographic and AF zone centers shown in Figs. 3(a)
and 3(b), respectively. Simple inspection reveals a sepa-
rate energy-loss peak partially overlapping with the elas-
tic line. Based on its energy and momentum depen-
dence, we argue that it corresponds to a gapped spin-
wave excitation. We note that the finite Q resolution
of the spectrometer can generally lead to an artificial
gap at minima of the dispersion. However, the mea-
sured gap values at all doping levels (Table I) consis-
tently exceed the artificial gaps simulated for the case of
gapless excitations24. This result is robust against both
the statistical (2σ confidence interval) and the estimated
systematic error24: the presence of gapped magnons is
thus to be considered an intrinsic property of the exci-
tation spectrum in (Sr1−xLax)2IrO4. As shown in the
Supplemental Material24, the impact of the Q resolution
can be factored out from the measured energy values,
leading to an average gap of 19(9) and 16(4) meV at
(0, 0) and (pi, pi), respectively, with no systematic doping
dependence (see Table I). We note that recent electron
spin resonance22 and Raman spectroscopy23 studies re-
ported a smaller gap of, respectively, 0.83 and 1.38 meV
at the crystallographic zone center. The origin of the dis-
crepancy with the above analysis remains an open issue.
Nonetheless, our value appears to be roughly consistent
with a previous estimate in the undoped compound21.
The full energy dispersion (corrected for the finite Q
resolution24) of the single magnon for the different doping
levels across the BZ is summarized in Fig. 4 along with
the corresponding Lorentzian FWHM. Besides display-
ing a finite energy gap, Fig. 4 reveals that the magnon
peak at (0, 0) and (pi, pi) does not considerably broaden
as the dopant concentration is increased (the FWHM in-
creases by only 60% going from the parent to the heavily
doped x = 0.1 sample). On the other hand, a remarkably
pronounced anisotropic broadening occurs away from the
zone centers. The largest effect is seen at the zone bound-
aries (0, pi) and (pi/2, pi/2), where the FWHM increases
by a factor of about 3 and 4, respectively, going from
x = 0 to x = 0.1. Here, heavily damped magnetic exci-
tations (paramagnons) are thus present.
B. Magnetic Hamiltonian
The spin-wave gap arises as a result of a significant
easy-plane anisotropy in the exchange interaction be-
tween Jeff = 1/2 isospins. In Ref. 21, the magnetic criti-
cal scattering and RIXS data were found to be correctly
described by the following two-dimensional anisotropic
Heisenberg (2DAH) Hamiltonian:
H =
∑
〈i,j〉
J˜
[
Sxi S
x
j + S
y
i S
y
j + (1−∆λ)Szi Szj
]
+
∑
〈〈i,j〉〉
J2~Si · ~Sj +
∑
〈〈〈i,j〉〉〉
J3~Si · ~Sj , (1)
4FIG. 4. (Color online) Q-resolution-corrected24 energy dispersion (top) and Lorentzian lifetime broadening (bottom) of the
single magnon for samples with different La contents. The errorbars represent 1σ confidence intervals [apart from the energy
at (0, 0) and (pi, pi), where the 2σ interval is reported instead]. The thick solid lines in color (top) show the fit to the 2DAH
model as described in the text (best-fit values reported in Table I), while the thin solid and dashed black lines represent the
two modes calculated for the best-fit parameters.
x J˜ (meV) J2 (meV) J3 (meV) ∆λ
Measured gap (meV) Corrected values (meV)
(0,0) (pi,pi) (0,0) (pi,pi)
0 57(1) -16.5(4) 12.4(3) 0.05(2) 24(5) 27(4) 19(7) 22(4)
0.01 51(1) -18.5(4) 13.9(3) 0.06(2) 33(5) 19(4) 29(7) 13(4)
0.04 44.5(5) -17.2(2) 12.9(1) 0.03(2) 22(6) 20(4) 12(11) 14(4)
0.1 41.7(5) -18.4(2) 13.8(2) 0.04(2) 23(6) 20(4) 16(8) 14(4)
TABLE I. Equation (1) best-fit parameters as extracted from the Q-resolution-corrected single-magnon dispersion (Fig. 4) and
measured and Q-resolution-corrected24 energy gap values for the different doping concentrations. |J2|/J3 was kept fixed to 1.33
for all samples. The values in parentheses represent 1σ confidence intervals for the best-fit parameters, while they correspond
to the maximum between the statistical 2σ confidence interval and the estimated systematic error24 for the gap values.
where J˜ = J1/(1 − ∆λ) is an effective nearest-neighbor
(NN) exchange integral depending on the in-plane
anisotropy parameter 0 ≤ ∆λ ≤ 129 and J2 and J3
model the next-NN. and third-NN exchange interactions,
respectively. In the framework of linear spin-wave theory,
Eq. (1) gives rise to two momentum-dependent magnetic
modes E±(Q⊥)24. For ∆λ 6= 0, the latter are nonde-
generate and display a finite energy gap at the crystal-
lographic (E−) and AF (E+) zone centers (see Fig. 4).
The two magnetic modes E± are not resolved in our mea-
surements. The reason is that their energy is almost
degenerate for most of the Q⊥ values explored, with a
non-negligible splitting present only at the zone centers.
Moreover, the gapless mode carries a vanishingly small
spectral weight at (0, 0), while it is hidden by the elas-
tic signal arising from a weak structural reflection30,31
at (pi, pi). Only the gapped mode is thus expected to
be visible in the RIXS spectra and to account for the
observed gap. Following this reasoning, the measured
dispersion was then fitted to (i) E+ along the path
(pi/2, pi/2) → (0, pi) → (pi, pi) → (pi/2, pi/2) and (ii) E−
along the path (pi/2, pi/2)→ (0, 0). The results are shown
in Fig. 4, while the corresponding best-fit parameters are
summarized in Table I.
The Q-resolution-corrected gap at all doping levels
is correctly reproduced by a value of the easy-plane
anisotropy ∆λ in the range 0.03−0.06 (Table I), in good
agreement with previous theoretical predictions19,20,32
and experimental estimates21 for the undoped com-
pound. These values are significantly larger than the
ones found in La2CuO4
29. Our results thus confirm the
critical scattering data21 and firmly establish the impor-
tance of easy-plane anisotropy in the low-energy Hamil-
tonian of Sr2IrO4. The expression of the anisotropic ex-
change of Eq. (1) is consistent with the dipolar-like term
expected to arise as a result of finite Hund’s coupling
in the model by Jackeli and Khaliullin 2 . Considering
the exchange parameters of Table I, the latter predicts
5values of the in-plane (∆xy ≈ Γ2 = 3 meV) and out-
of-plane (∆z ≈
√
J˜Γ1 = 9 meV) gaps, which, although
smaller, are consistent in order of magnitude with the
ones measured from the RIXS spectra. The anisotropy
does not show any significant dependence on the La con-
tent within the experimental uncertainty, thus suggest-
ing that it is robust with carrier doping. The impact
of electron doping on the spin-wave energy dispersion is
limited to a renormalization of the NN exchange interac-
tion: this decreases as x is increased (Table I), in agree-
ment with what was reported by Gretarsson et al. 14 .
The pronounced anisotropic broadening, however, sug-
gests that the injection of free carriers causes a strong
enhancement of the scattering processes along the zone
boundary (pi/2, pi/2)→ (0, pi), which shortens the excita-
tion lifetime with respect to the crystallographic and AF
zone centers. Strikingly, a recent ARPES study of La-
doped Sr2IrO4
6 found coherent excitations in the form
of Fermi arcs around (pi/2, pi/2) coexisting with strongly
interacting, pseudo-gapped states at (pi, 0). Such a be-
havior might arise from strongly anisotropic coupling to
magnetic fluctuations, qualitatively consistent with the
anisotropic damping of spin waves reported here.
IV. CONCLUDING REMARKS
In conclusion, our RIXS investigation has revealed
the presence of gapped collective magnetic excita-
tions in the electron-doped spin-orbit Mott insulator
(Sr1−xLax)2IrO4 up to x = 0.1. The magnon is ro-
bust upon carrier doping at the crystallographic and AF
zone center, while paramagnons exhibiting a pronounced
anisotropic damping are found elsewhere in the BZ. Con-
sistent with theoretical predictions2, the gap can be as-
cribed to a significant in-plane anisotropy in the interac-
tion between the Ir4+ Jeff = 1/2 isospins that breaks the
full rotational symmetry of the magnetic Hamiltonian.
Despite apparent similarities with the superconducting
cuprates, our results show that the spin-orbit entangled
nature of the Jeff = 1/2 ground state gives rise to mag-
netic interactions which differ significantly from the pure
spin ones encountered in the cuprates. This will pave the
way to a deeper understanding of the differences between
the two classes of compounds in light of the long-sought-
after superconductivity in iridate oxides.
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